Background: The possible existence of a phase transition to a ferromagnetic state in neutron matter as origin of the extremely high magnetic fields of neutron stars is still an open issue. Whereas many phenomenological interactions predict this transition at densities accesible in neutron stars, microscopic calculations based on realistic interactions show no indication of it. The existence or non-existence of this transition is a consequence of the different role of nucleon-nucleon correlations in polarized and unpolarized neutron matter. Therefore, to give a definite answer to this issue it is necessary to analyze the behavior of these correlations.
I. INTRODUCTION
The spin symmetry energy of neutron matter, defined as the difference between the energy per particle of spin polarized and unpolarized neutron matter, is the main ingredient to understand the spin susceptibility of neutron matter, which is basically proportional to the invers of this quantity. Microscopic calculations of the spin susceptibility, using realistic interactions and a variety of many-body methods show that the correlations induced by these realistic interactions considerable reduce the spin-susceptibility with respect to the underlying noninteracting Fermi seas [1] [2] [3] [4] [5] [6] [7] . This reduction implies an increase of the spin-symmetry energy of neutron matter. This prediction has also important consequences in the description of situations of astrophysical interest, such as for instance, the calculation of the mean free path of neutrinos in dense matter and, in general, the study of supernovae and protoneutron stars [8] .
In contrast with this scenario, it has been theoretically speculated that the spin symmetry of neutron matter can become zero, a fact that would indicate the existence of a phase transition to a ferromagnetic state [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Notice, that looking at the kinetic energies of the corresponding underlying Fermi seas, at a given density the kinetic energy of the polarized Fermi sea will always be larger than the unpolarized one. Therefore, the hypothetical ferromagnetic transition should be a consequence of the different role of the interactions in polarized and unpolarized neutron matter. In fact, many effective nuclear interactions of Skyrme [22, 23] or Gogny [24] type predict this transition at densities accesible in neutron stars. However, in accordance with the reduction of the spin susceptibility comented above, microscopic calculations based on realistic interactions do not predict such transition at least in the wide range of densities which have been explored [1] [2] [3] [4] [5] [6] [7] . The study of spin-polarization has also been recently considered for nuclear matter and finite nuclei using finite range effective interactions [25] . The possibility of a ferromagnetic transition has also been discussed in the context of hard-sphere systems in conexion with ultracold atom systems [26, 27] . All these facts have motivated the interest for the study of neutron matter and in particular of polarized neutron matter.
It has also been pointed out that due to the large value of the 1 S 0 scattering length, the behaviour of neutron matter, at densities where the physics is dominated by this partial wave, should show some similarities with the behaviour of a unitary Fermi gas [28] . At the same time, the absence due to the Pauli principle of the 1 S 0 channel in polarized neutron matter has driven the question of up to which density polarized neutron matter can behave as a weakly interacting Fermi gas [29] .
Motivated by these questions, we have performed a microscopic calculation, in the framework of the Brueckner-Hartree-Fock approximation, of the magnetic susceptibility of neutron matter employing the Argonne V18 (Av18) realistic nucleon-nucleon interaction [30] suplemented with the Urbana IX three-body force [31] , which for the use in the BHF approach is reduced to an effective two-body density-dependent interaction by averaging over the third nucleon [32] . In order to identify the nature of the correlations responsible for the behavior of the magnetic susceptibility we have analyzed the contributions to the spin symmetry energy of neutron matter of the different partial waves and also of the different operatorial parts of the interaction. In addition, the degree of correlation of the two systems, polarized and unpolarized neutron matter, is discussed by comparing the differences of the kinetic energy of the correlated system with the ones of the underlying Fermi sea.
The paper is organized in the following way. In Sec. II the Brueckner-Hartree-Fock approach to spin polarized neutron matter and the Hellmann-Feynman theorem [33, 34] are shortly reviewed. Results for the magnetic susceptibility or, equivalently, for the spin symmetry energy and its density dependence are presented in Sec. III, where is also discussed the contribution of the different partial waves. Finally, a short summary and the main conclusions are given in Sec. IV.
II. BHF APPROACH OF SPIN-POLARIZED NEUTRON MATTER
Spin-polarized neutron matter is an infinite nuclear system made of two different fermionic components: neutrons with spin up and neutrons with spin down, having densities ρ ↑ and ρ ↓ , respectively. The total density of the system is given by
The degree of spin polarization of the system can be expressed by means of the spin polarization ∆ defined as
Note that the value ∆ = 0 corresponds to nonpolarized (NP) or paramagnetic (ρ ↑ = ρ ↓ ) neutron matter, whereas ∆ = ±1 means that the system is totally polarized (TP), i.e., all the spins are aligned along the same direction. Partially polarized states correspond to values of ∆ between −1 and +1. The energy per particle of spin-polarized neutron matter does not change when a global flip of the spins is performed. Therefore, it can be expanded on the spin polatization ∆ as
where E N P (ρ) ≡ E(ρ, 0) is the energy per particle of nonpolarized neutron matter, S sym (ρ) is defined as the spin symmetry energy,
and S 4 (ρ) = 1 24
It has been shown (see e.g., Refs. [2] [3] [4] ) that the energy per particle of spin-polarized neutron matter is practically parabolic in the full range of spin polarizations. Therefore, contributions from S 4 (ρ) and other higher order terms can be neglected, and one can, in good approximation, estimate the spin symmetry energy simply as the difference between the energy per particle of totally polarized, E T P (ρ) ≡ E(ρ, ±1), and nonpolarized neutron matter i.e.,
A particularly interesting macroscopic property of spin polarized neutron matter related to S sym (ρ) is the magnetic susceptibility χ(ρ) which, at each density, characterizes the response of the system to an external magnetic field and gives a measure of the energy required to produce a net spin alignment in the direction of it. If the strengh of the field is small χ(ρ) can be obtained simply as (see e.g., Ref. [2] )
where µ is the magnetic moment of the neutron and in the second equality we have used Eq. (4). The BHF description of spin-polarized neutron matter starts with the construction of the neutron-neutron G-matrix, which describes in an effective way the interaction between two neutrons for each one of the spin combinations ↑↑, ↑↓, ↓↑ and ↓↓. This is formally obtained by solving the well-known Bethe-Goldstone equation, written schematically as
where σ =↑, ↓ indicates the spin projection of the two neutrons in the initial, intermediate and final states, V is the bare nucleon-nucleon interaction, Ω is the (large) volume enclosing the system, Q σiσj is the Pauli operator taking into account the effect of the exclusion principle on the scattered neutrons, and ω is the so-called starting energy defined as the sum of the non-relativistic singleparticles energies, ǫ ↑(↓) , of the interacting neutrons. We note that Eq. (8) is a coupled channel equation.
The single-particle energy of a neutron with momentum k and spin projection σ is given by
where the real part of the single-particle potential U σ ( k) represents the average potential "felt" by a neutron due to its interaction with the other neutrons of the system. In the BHF approximation U σ ( k) is calculated through the "on-shell" G-matrix, and is given by
where the sum runs over all neutron up and neutron down occupied states and the matrix elements are properly antisymmetrized. Once a self-consistent solution of Eqs. (8)- (10) is achieved, the energy per particle in the BHF approximation can be calculated as
where the first term of the r.h.s. is simply the contribution of the free Fermi gas (FFG), and the second one is sometimes called in the literature correlation energy. We note that E BHF represents only the sum of two-hole-line diagrams and includes only the effect of two-body correlations through the G-matrix. It has been shown by Song et al., [35] that the contribution to the energy from threehole-line diagrams (which account for the effect of threebody correlations) is minimized when the so-called continuous prescription [36] is adopted for the single-particle potential when solving the Bethe-Goldstone equation. This presumably enhances the convergence of the holeline expansion of which the BHF approximation represents the lowest order. We adopt this prescription in our BHF calculations which are done using the Argonne V18 (Av18) potential [30] supplemented with the Urbana IX three-nucleon force [31] , which for the use in the BHF approach is reduced first to an effective twonucleon density-dependent force by averaging over the coordinates of the third nucleon [32, 37] . The BHF approach does not give direct access to the separate contributions of the kinetic and potential energies because it does not provide the correlated manybody wave funtion |Ψ . However, it has been shown [38] [39] [40] [41] that the Hellmann-Feynman theorem [33, 34] can be used to estimate the ground-state expectation value of both contributions from the derivative of the total energy with respect to a properly introduced parameter. Writing the nuclear matter Hamiltonian as H = T + V , and defining a λ-dependent Hamiltonian H(λ) = T +λV , the expectation value of the potential energy is given as
and the kinetic energy contribution T can be simply obtained by substracting V from E BHF .
III. RESULTS AND DISCUSSION
The discussion of our results starts by showing in Fig. 1 the density dependence of the kinetic T and potential V energy contributions to the energy per particle of both TP (panel (a)) and NP (panel (b)) neutron matter as well as to the spin symmetry energy (panel (c)) and its slope parameter (panel (d)) defined as
in analogy with the slope parameter of the nuclear symmetry energy, L(ρ). The particular values of these contributions at the empirical saturation density of symmetric nuclear matter, ρ 0 = 0.16 fm −3 , are reported in Tab. I. The results have been obtained by applying the Hellmann-Feynman theorem as explained at the end of the previous section. As it can be seen in the figure, the total energy of TP neutron is always more repulsive than the NP one in all the density range explored. This additional repulsion of TP neutron matter can be understood, firstly, in terms of the kinetic energy contribution, TABLE I : Kinetic, T , and potential, V , contributions to the total energy per particle of totally polarized (TP) and non-polarized (NP) neutron matter at the empirical salturation density of symmetric nuclear matter, ρ0 = 0.16 fm −3 . The contribution to the corresponding spin symmetry energy Ssym and its slope parameter LS are reported in the last two columns, respectively. < TF S > correspond to the results of the unerlying Fermi seas. Results are given in MeV.
which is larger in the TP case than in the NP one. Secondly, in terms of the potential energy one because, due to symmetry arguments, all partial waves with even orbital angular momentum L (some of them attractive, as the important 1 S 0 ) are excluded in TP neutron matter (see Tab. II). An interesting conclusion which can be inferred from here, already pointed out in previous works of the authors [2] [3] [4] and other studies [1, [5] [6] [7] , is that a spontaneous phase transiton to a ferromagnetic state is not to be expected. If such a transition would exist, a crossing of energies of the TP and NP systems, with the consequent change of the sign of the spin symmetry energy, would be observed at some density, indicating that the ground state of the system would be ferromagnetic from that density on. Notice that there is no sign of such a crossing on the figure and that, on the contrary, it becomes less and less favorable as the density increases. As it is seen in the figure the kinetic enegy contribution to the spin symmetry energy, although it is always smaller than that of the potential energy one, is not negligible and, in particular, amounts ∼ 38% of its total value at ρ 0 . This result is different from what is found in the case of the nuclear symmetry energy, E sym (ρ). In this case the kinetic energy contribution to E sym (ρ) is very small (and even negative) due to the strong cancellation of the kinetic energies of neutron and symmetric nuclear matter [42, 43] . Finally, note that the slope parameter L S (ρ) is also clearly dominated in the whole density range by the potential energy contribution (∼ 75% at ρ 0 ) except at very low densities where the kinetic energy one is of similar order. Also interesting is the fact that in a significative density region around ρ o , L s (ρ) is rather linear, indicating that the derivative of S sym (ρ) respect to the density is approximately constant (see Eq. (13)).
To get a further physical insight on the role of the potential energy, it is useful to look at the spin channel and partial wave decomposition of its contribution to the energies of TP and NP neutron matter as well as that to the spin symmetry energy and its slope parameter. These contributions are denoted as Notice that, at this density, the contribution of the S = 1 channel to the energies of TP and NP matter is very similar and, therefore, the contribution of this channel to S V sym is almost negligible. This is mainly due to the strong compensation of the P-and the F-waves which almost cancel completely, and to the small contribution of the H-and J-and L-waves. Note also that, for this reason, the contribution from those partial waves where the tensor force is active (
represents a small percentage of the total values of S V sym and L V S . This can interpreted as an indication that the tensor force plays a minor role in the determination of the spin symmetry energy and its density dependence. This conclusion differs from that drawn in the case of the nuclear symmetry energy whose value at saturation and its density dependence is known to be clearly dominated by the tensor force [45, 46] (see also e.g., Ref. [44] and references therein).
A way of estimating the importance of correlations in a fermionic system is simply to evaluate the difference between the expectation value of the kinetic energy of the system and the energy of a free Fermi gas with the same density and constituents,
The larger is the value of ∆T the more important is the role of the correlations. We show in Fig. 2 the density dependence of ∆T for TP and NP neutron matter as well as for conventional symmetric nuclear matter (SM). The increase of ∆T in the three cases indicates, as expected, that correlations become more and more important when the density of the system increases. Note that in the whole range of densities explored, ∆T SM > ∆T N P > ∆T T P , reflecting the fact that SM is always more correlated than neutron matter independently of its spin polarization state, and that NP neutron matter is always more correlated than TP one. However, the effect of correlations on the kinetic energy of TP neutron matter can not be discarded. Note also that the difference ∆T SM − ∆T N P is larger than the difference ∆T N P − ∆T T P up to ρ ∼ 0.45 fm −3 . This can be interpreted as an indication that the spin dependence of the nucleon-nucleon correlations is less strong than its isospin one at least in the low and medium density region. 
being S ij the usual tensor operator, L the relative orbital angular momentum, S the total spin of the nucleon pair, and T ij = 3τ zi τ zj − τ i · τ j the isotensor operator defined analogously to S ij . Note that the last four operators break the charge independence of the nuclear interaction. As we said above, the Urbana IX three-body force is reduced to an effective density-dependent two-body force when used in the BHF approach. For simplicity, in the following we refer to it as reduced Urbana force. This force is made of 3 components of the type u p (r ij , ρ)O 
introducing additional central, στ and tensor terms (see e.g., Ref. [32] for details).
The separate contributions of the various components of the Av18 potential and the reduced Urbana force to the energy per particle of TP and NP neutron matter, and to S 
As we have already seen in Table II , the total interaction energy for TP neutron matter is in absolute value much smaller than for the NP one. This is the result of strong cancellations between the contributions of the different pieces of the potential. The contributions to S <V > sym and L
<V > S
are important when there is a difference in the 
2.011 2.152 −0.141 −0.506 behavior of the interaction betwen TP and NP neutron matter. For instance, the contribution of the central part V 1 is very similar in TP and NP neutron matter and therefore its contribution to S <V > sym is small. Relevant contributions are associated to V σi· σj , V ( σi · σj )( τi· τj) and also to V L 2 . On the other hand the contributions of the three-body forces to the spin symmetry energy are moderatly small and of negative sign, at ρ 0 .
IV. SUMMARY AND CONCLUSIONS
We have calculated the kinetic and potential energy contributions of the spin symmetry energy of neutron matter using the realistic Argonne Av18 two-body interaction suplemented with the Urbana IX three-body force averaged to provide a two-body density dependent one suitable to be used in BHF calculations. It has been shown that this realistic interaction do not favour a ferromagnetic transition of neutron matter. As the symmetry energy, the spin symmetry energy is an increasing function of density, at least in the range of densities considered. Both, the kinetic and the potential energy contributions, i.e., the difference of these energies between polarized and normal neutron matter, are positive in the full range of densities considered.
The contributions of the different pieces of the interaction and its partial wave decomposition allows to understand the origin of the different role of the interaction in TP and NP neutron matter. In most of the cases, the Pauli principle, which forbids the interaction in certain partial waves in totally polarized neutron matter is the origin of most of the differences. The main contribution comes from the S=0 forbidden channels in TP neutron matter, in particular from the 1 S 0 and 1 D 2 partial waves. On the other hand, three-body forces play a secondary role in the determination of the spin symmetry energy.
Finally, we have quantitatively established that NP neutron matter is more correlated than TP one by looking at the difference of their kinetic energies and the corresponding ones of their underlying Fermi seas. In spite of being less correlated, however, the role of correlations in totally polarized neutron matter cannot be ignored when using realistic interactions.
